Without a fully developed initial segment, the most proximal region of the epididymis, male infertility results. Therefore, it is important to understand the development and regulation of this crucial region. In addition to distinctively high activity levels of the components of the ERK pathway, which are essential for initialsegment differentiation, the initial segment exhibits high protein and activity levels of phosphatase and tensin homolog (PTEN). To understand the role of PTEN in the regulation of the initial segment, we generated a mouse model with a conditional deletion of Pten from the epithelial cells of the proximal epididymis from postnatal day 17 (P17) onward. Shortly after Pten deletion, hypertrophy of the proximal epididymis became evident. Loss of Pten resulted in activation of the AKT (protein kinase B) pathway components from P28 onward, which in turn gradually suppressed RAF1 proto-oncogene serine/threonine kinase (RAF1)/ERK signaling through the interaction between AKT and RAF1. Consistent with progressive changes in RAF1/ERK signaling, loss of Pten progressively altered cell shape, size, organization, proliferation, and survival in the initial-segment epithelium and resulted in dedifferentiation and extensive epithelial folding. Most importantly, knockout males progressively lost fertility and became infertile from 6 to 12 mo. Spermatozoa from older knockout mice showed a lower percentage of motility and a higher percentage of flagellar angulation compared with controls, suggesting compromised sperm maturation. Therefore, under normal physiological conditions, PTEN suppresses AKT activity to maintain activation of the RAF1/ERK signaling pathway, which in turn maintains normal function of the initial segment and therefore, normal sperm maturation.
Without a fully developed initial segment, the most proximal region of the epididymis, male infertility results. Therefore, it is important to understand the development and regulation of this crucial region. In addition to distinctively high activity levels of the components of the ERK pathway, which are essential for initialsegment differentiation, the initial segment exhibits high protein and activity levels of phosphatase and tensin homolog (PTEN). To understand the role of PTEN in the regulation of the initial segment, we generated a mouse model with a conditional deletion of Pten from the epithelial cells of the proximal epididymis from postnatal day 17 (P17) onward. Shortly after Pten deletion, hypertrophy of the proximal epididymis became evident. Loss of Pten resulted in activation of the AKT (protein kinase B) pathway components from P28 onward, which in turn gradually suppressed RAF1 proto-oncogene serine/threonine kinase (RAF1)/ERK signaling through the interaction between AKT and RAF1. Consistent with progressive changes in RAF1/ERK signaling, loss of Pten progressively altered cell shape, size, organization, proliferation, and survival in the initial-segment epithelium and resulted in dedifferentiation and extensive epithelial folding. Most importantly, knockout males progressively lost fertility and became infertile from 6 to 12 mo. Spermatozoa from older knockout mice showed a lower percentage of motility and a higher percentage of flagellar angulation compared with controls, suggesting compromised sperm maturation. Therefore, under normal physiological conditions, PTEN suppresses AKT activity to maintain activation of the RAF1/ERK signaling pathway, which in turn maintains normal function of the initial segment and therefore, normal sperm maturation.
epididymis | PTEN | RAF1/ERK signaling | male infertility | spermatozoa flagellar angulation S permatozoa enter the epididymis from the testes as immotile cells that are incapable of fertilization. During epididymal transit, a complex process called sperm maturation allows for conversion of spermatozoa into motile and fertilization-competent cells. The long, convoluted epididymal duct-which is ∼6 m long in humans and 1 m in mice (1)-provides a luminal fluid microenvironment that is necessary for sperm maturation (2) .
It is apparent that the most proximal region of the epididymis, the initial segment, plays an important role in sperm maturation. C-ros oncogene 1 (Ros1) knockout male mice that lacked prepubertal differentiation of the epididymal initial segment were healthy but infertile (3) . Spermatozoa from Ros1 knockouts showed flagellar angulation, a defect in sperm maturation (4) . Therefore, it is important to examine the mechanisms by which the initial segment develops, functions normally, and contributes to normal sperm maturation.
The initial segment exhibits high activity levels of the ERK pathway components. The ERK pathway [also known as the RAF (RAF proto-oncogene serine/threonine kinases)/MEK/ERK pathway] is an intracellular protein kinase cascade containing at least MAPK3 and/or MAPK1 (commonly known as ERK1 and ERK2), a MAPKK (commonly known as MEK), and a MAP3K (including RAF1). The kinases in each tier phosphorylate and activate the kinases in the downstream tier to transmit a signal within a cell. During prepubertal development, the first wave of testicular luminal fluid enters the epididymis and activates the ERK pathway components in the initial-segment epithelium. The activated ERK pathway then promotes initial-segment differentiation (5) , which is demonstrated by tall, columnar principal cells and long projections of basal cells (6, 7) . Efferent duct ligation prevents luminal fluid from entering the epididymis and abolishes the high activity levels of the ERK pathway components in the initial segment (5, 8) . Such abolishment results in the arrest of ongoing initial-segment differentiation in juvenile mice (5) . Therefore, the high activity levels of the ERK pathway components are essential for differentiation of the initialsegment epithelium.
In addition to higher activity levels of the ERK pathway components, the initial segment exhibits higher protein and activity levels of phosphatase and tensin homolog (PTEN) compared with other epididymal regions (5) . It is known that PTEN dephosphorylates PIP 3 and negatively regulates AKT (protein kinase B) activity. However, the significance of PTEN-regulated AKT signaling in the initial segment is unclear. To examine the role of PTEN in the initial segment, we generated a mouse model with a conditional deletion of Pten from epithelial cells of the proximal epididymis from postnatal day 17 (P17) onward. Results from our studies show that PTEN plays an essential role in maintaining normal initialsegment differentiation and function and, therefore, male fertility.
Results
Hypertrophy Phenotype in the Proximal Epididymis Shortly After Loss of Pten. Rnase10-Cre-mediated Pten deletion was initiated at P17 in the proximal epididymis. At P28, hypertrophy phenotype became Significance Without a fully developed and functioning initial segment, the most proximal region of the epididymis, spermatozoa do not undergo maturation, resulting in male infertility. The tumor suppressor phosphatase and tensin homolog (PTEN) was deleted from the initial segment, which resulted in changes in the activity of downstream signaling components that led to epithelial dedifferentiation and male infertility. Spermatozoa were normal upon leaving the testis, but as they progressed through the duct of the dedifferentiated initial segment, they developed angled flagella and a decrease in motility. These changes prevented spermatozoa from reaching and fertilizing an egg in the female reproductive tract. PTEN plays an essential role in maintaining normal initial-segment differentiation and function and, therefore, male fertility. evident in proximal epididymal regions I, II, and III in conditional knockout (cKO) animals (Fig. 1B) , whereas testicular size of cKOs and their littermate controls did not display differences (Fig. 1A) .
Immunofluorescent analysis showed that PTEN had ubiquitous expression in epithelial cells, surrounding mesenchymal cells, and interstitial cells in controls (Fig. 1C) . However, in cKOs, PTEN expression was absent from most epithelial cells in region I, except for narrow cells (Fig. 1D, yellow arrows) , and PTEN displayed a mosaic expression in region III epithelium (Fig.  1D ). In addition, PTEN remained in mesenchymal cells, interstitial cells, and spermatozoa in cKO regions I and III (Fig. 1D) . The pattern of PTEN deletion in our cKOs was consistent with reported expression patterns of Rnase10-Cre (9, 10). Fig. S1 illustrates initial-segment regions I, II, and caput region III, which were defined according to previous studies (11, 12) . Fig. S2 shows low autofluorescence of the epididymis and low background of secondary antibody labeling alone in our immunofluorescent experiments.
Changes in the Activity Levels of the AKT and ERK Pathway Components Shortly After Pten Deletion. At P28, shortly after Pten deletion, PTEN protein level declined in cKO regions I and II compared with similar control regions ( Fig. 2A) . The remaining PTEN expression in cKOs was presumably from mesenchymal cells, interstitial cells, and spermatozoa because PTEN was only removed from the epithelium and was still present in other cell types (Fig. 1D) . Consistent with decreased PTEN protein level, several AKT pathway components showed significant increases in their activity levels at P28 after loss of Pten (Fig. 2A) . The phosphorylation levels of AKT at S473, RPS6 at S235/S236, and GSK3A/B at S21/S9 increased in cKO regions I and II compared with controls. The phosphorylation levels of MTOR at S2448 showed a slight increase in region I. Androgen receptor (AR) protein level did not change significantly ( Fig. 2A) .
Furthermore, down-regulation of the activity levels of the ERK pathway components became apparent at P28 in cKOs (Fig. 2B) . Although the phosphorylation level of RAF1 at the activation site S338 did not change, the phosphorylation level of RAF1 at S259, an inhibitory site targeted by AKT (13) , increased in cKO regions I and II. The phosphorylation levels of MAPK3/1 at T202/Y204 declined in region II but remained high in region I after loss of Pten. However, the MAPK1 protein level did not change significantly. At P28, the protein level of ETS variant gene 4 (ETV4), a downstream gene of the ERK pathway, declined in cKO regions I and II compared with controls (Fig. 2B) .
Immunofluorescent analysis confirmed our Western results of activation of the AKT pathway components after loss of Pten (Fig. S3) . At P28, the phosphorylation levels of ATK/MTOR/ RPS6/GSK3 at their activation sites increased in cKO region I compared with controls (Fig. S3) . Unchanged or slightly changed labeling intensity of these proteins in region III served as controls to highlight the initial-segment-specific activation (Fig. S3) .
In addition, immunofluorescent analysis confirmed declined activity levels of the ERK pathway components in cKO region II at P28 (Fig. S4) . Compared with controls, the phosphorylation level of RAF1 at its inhibitory site S259 increased, whereas the phosphorylation levels of MAP2K1/2 and MAPK3/1 at their activation sites decreased in cKO region II. In contrast to region II, changes in activity levels of these kinases in region I were undetectable at P28 shortly after Pten deletion (Fig. S4 ).
Progressive Decline of MAPK3/1 Activities in the Initial Segment After Loss of Pten. The low-magnification images in Fig. 3 show immunofluorescent labeling of phospho-MAPK3/1 in the sections cut through the center of the proximal epididymides along the epididymal axis. As expected, the control initial segments at 4 wk and 6 and 12 mo displayed higher phospho-MAPK3/1 levels ( Fig.  3 A, C, and E). The intensity of phospho-MAPK3/1 labeling gradually declined in the control initial segment from proximal to distal (Fig. 3 A, C , and E). In cKOs, phospho-MAPK3/1 levels declined in region II at 4 wk (Fig. 3B ) and declined further to most of region I at 6 mo (Fig. 3D) . Only a small area of region I, which is closest to the efferent ducts, displayed elevated phospho-MAPK3/1 levels at 6 mo (Fig. 3D) . The intensity of the elevated phospho-MAPK3/1 levels in that small area of cKOs was also lower compared with controls at 12 mo (Fig. 3F) .
Changes of Two Major Initial-Segment Cell Types After Loss of Pten.
Changes of two major types of epithelial cells, principal and basal cells, were observed in the cKO epithelium at P28. As shown in Fig. 4 , KRT5 was present intracellularly in basal cells, which outlined their shape. The control initial segment had triangle- (Fig. 4 E and G), but labeling was reduced in cKO region I ( Fig. 4F ) and was undetectable in cKO region II (Fig. 4H ). In addition, CDH2 labeled the basal-lateral membrane and outlined the shape of all types of epithelial cells. At P28, the control initial segment had tall, columnar principal cells (Fig. 4 I and K), whereas principal cells in cKOs were rounder or atypically shaped ( Fig. 4 J and L). Their height was shorter compared with controls at ages 10 wk, 6 mo, and 12 mo (Fig. 5G ).
Progressive Changes in Cell Shape, Size, and Organization of the Initial-Segment Epithelium After Loss of Pten. The morphological changes after loss of Pten were evident at P28. Subtle changes, such as curvature of the epithelial apical surface, were observed in cKO region I (Fig. S5B) , but a few areas in region II showed changes in cell shape, size, and organization, which resulted in epithelial folding (Fig. S5D) . At 10 wk, cKO regions I and II demonstrated extensive epithelial folding ( Fig. 5D and Fig. S5 F and H). Protrusion of the epithelium into the lumen, due to folding, resulted in blockage of spermatozoa progression in 11.7% (n = 34) epididymides collected from cKO mice older than 10 wk. However, blockage was not found in littermate controls (n = 36). At 6 mo, epithelial cells not only protruded toward the lumen, but also toward the basement membrane (Fig. 5F ).
Compared with controls, the epithelium of cKO region I had significantly reduced height at ages 10 wk, 6 mo, and 12 mo ( Fig.  5G ) and had increased area with atypically shaped epithelial cells from 10 wk onward (Fig. 5H) . From 10 wk onward, epithelial cell size increased in cKOs, which presumably contributed to a hypertrophy phenotype (Fig. 5I ).
Tight Junction and Basement Membrane Integrity Following Loss of
Pten. Both phospho-APKC (atypical PKC) and TJP1 labeled the intact ring structure of tight junctions at the apical region of the epithelium in 6-mo-old controls and cKOs ( 
Changes in Proliferation and Apoptosis After Loss of Pten for Longer
Periods of Time. Although a hypertrophy phenotype was observed as early as 4 wk, proliferation in the epithelium of cKOs was similar to controls at 4 and 10 wk. From 16 wk onward, proliferation increased moderately but significantly in the cKO epithelium compared with controls ( Fig. S7A) . Moreover, at 4 and 10 wk, apoptosis in cKO epithelial cells was not significantly different compared with controls. However, there was a moderate but significant increase of apoptosis in the epithelium of cKOs compared with controls from 16 wk onward (Fig. S7B ).
Progressive Loss of Male Fertility After Loss of Pten. To test fertility, a group of cKO and littermate control males was each mated with wild-type females. All of the tested controls were fertile from ages 3-12 mo. The cKO males were fertile from ages 3-5 mo but progressively lost fertility from age 6 mo onward. At age 7 mo, 67% of cKO males were already infertile, whereas 33% of them were subfertile and sired significantly fewer numbers of litters compared with controls. All cKO males became infertile at age 12 mo (Fig. 6) . Although the average number of litters sired by cKO males from age 3-6 mo were not significantly different compared with controls, the average litter size of cKOs in this age group was already significantly lower compared with controls (P < 0.05) (Table S1 ). Moreover, the few subfertile cKO males from age 7-12 mo sired significantly fewer numbers of litters compared with controls (P < 0.01). The very few litters sired by the cKO males of this age group only had one or two pups in each litter (Table S1 ). To investigate whether the infertile phenotype was due to abnormal mating behavior, the frequency of presence of vaginal plug was examined from the ages of 9-10 mo. The plug frequency did not show significant differences between cKOs (3.5 ± 0.5 d per plug; mean ± SEM) and controls (4.2 ± 0.4 d per plug), indicating that older cKO males still mated normally, similar to littermate controls. The infertility caused by blockage of epididymides was excluded from Fig. 6 and Table S1 .
Spermatozoa Flagellar Angulation and Declined Spermatozoa Motility
After Loss of Pten. A progressive decline in spermatozoa motility coupled with an increase in flagellar angulation from 10 wk to 12 mo in cKOs was observed ( Fig. 7 A and B) . Cauda spermatozoa from 10-wk-old cKOs had normal motility and low percentage of flagellar angulation. At 16 wk, one of four epididymides showed a high percentage of flagellar angulation and low motility, but the average was not significantly different compared with controls. From 6 mo onward, cauda spermatozoa from cKOs had significant lower motility and higher percentage of flagellar angulation compared with controls ( Fig. 7 A and B) .
Despite normal testis weight and cauda spermatozoa count in 6-mo-old cKOs (103 ± 2 mg; 5.32 ± 1.39 × 10 7 spermatozoa; mean ± SEM) and controls (97 ± 2 mg; 5.69 ± 0.59 × 10 7 spermatozoa), spermatozoa from cKOs showed maturation defects after progression through the epididymis at age 6 mo (Fig. 7  C-G) . First, in situ spermatozoa from fixed tissues (Fig. 7C) were analyzed. Spermatozoa were straight in the testis and initial segment. However, cauda spermatozoa had increased flagellar angulation in cKOs compared with controls, suggesting that flagellar angulation occurred during epididymal transit. Furthermore, spermatozoa from different regions of the male tract behaved differently when released into Biggers-Whitten-Whittingham (BWW) medium. In controls, testicular and initial-segment spermatozoa were straight but immotile; caput spermatozoa were motile but displayed flagellar angulation and moved in a circular, nonprogressive motion; corpus and cauda spermatozoa gained normal motility and ability to maintain straight flagella (Fig. 7 D and E) . In cKOs, spermatozoa from the testis and initial segment appeared normal, but never fully gained maturation characteristics during epididymal transit. cKO corpus and cauda spermatozoa still displayed low motility and flagellar angulation similar to normal caput spermatozoa (Fig. 7 D and E) . High percentages of motile spermatozoa from the caput, corpus, and cauda were angled in cKOs (Fig. 7F) and did not progress normally. Consistently, computer-assisted semen analysis (CASA) of spermatozoa kinematics revealed a significant decline in curvilinear velocity (VCL) of cKO cauda motile spermatozoa compared with controls (Fig. 7G) .
The morphology of cKO testes was similar to control testis at age 12 mo (Fig. S8) . However, cauda spermatozoa from 12-mo-old cKOs displayed severe defects (Fig. S9) . Unlike controls (Movie S1), the majority of cKO spermatozoa displayed in situ flagellar angulation, which included hairpin (complete 180°bending at the localization of the cytoplasmic droplet; Movie S2) and halfhairpin (<180°but ≥90°bending; Movie S2). Hairpin angulation was the dominant form among angled cKO spermatozoa. When spermatozoa were incubated in BWW medium, a high percentage of cKO spermatozoa were angled (Fig. S9B) , and a low percentage of them were motile (Fig. S9C) . Among motile cKO spermatozoa, approximately half were angled (Fig. S9D) . Consistent with the observation that angled spermatozoa did not progress normally as straight spermatozoa (Movies S1 and S2), VCL of cKO motile spermatozoa was lower compared with controls (Fig. S9E) . The duration of incubation did not affect spermatozoa behavior (Fig. S9 B- 
E).
Ros1 Expression After Loss of Pten. To determine whether PTEN signals through ROS1-an essential signaling molecule for initial-segment-prepubertal differentiation-Ros1 mRNA level in the initial segment of 6-mo-old Pten cKOs was analyzed (Fig.  S10) . Ros1 mRNA level did not change significantly after loss of Pten, whereas the mRNA level of Etv4, a downstream gene of MAPK3/1, decreased to approximately 1/10 of the control level, and the Ar mRNA level did not change (Fig. S10 ).
Discussion
Regulation of the ERK and AKT pathways are important for cell survival, proliferation, metabolism, and motility (14) . Our previous studies demonstrated that the high activity levels of the ERK pathway components were essential for differentiation of the initial-segment epithelium (5, 8) . However, the role of the AKT pathway in the development of the initial segment is unclear, although the high expression and activity levels of PTEN are a unique feature of a differentiated initial segment (5) . In this study, we conditionally removed Pten from the epithelial cells of the initial segment, which resulted in the activation of the AKT pathway components that, in turn, suppressed the activity levels of the ERK pathway components. The altered pathways resulted in a series of morphological changes that reflected initial-segment epithelial dedifferentation. The dedifferentiated initial segment eventually led to male infertility due to compromised sperm maturation. Therefore, both high activity levels of the ERK pathway components and low activity levels of the AKT pathway components are critical for a normal functioning initial segment. The knockout phenotype was probably not due to secondary/indirect factors such as changes in androgen levels because spermatogenesis, testicular weights, cauda spermatozoa counts, AR expression, and mating behavior observed in these mice were similar to controls. Furthermore, the males and females of the two genetically modified mouse lines, Rnase10-Cre and floxed-Pten, were healthy, viable, and fertile, suggesting that any secondary/indirect factors originating from each animal line affecting the phenotype of initial-segment-specific Pten knockout were minimal.
There is substantial evidence for cross-talk between the ERK and AKT pathways (14)-either positively by cross-activation or negatively by cross-inhibition, depending upon the cellular environment (14) . In this study, the cross-talk between the ERK and AKT pathways in the initial segment was observed through the interaction of AKT and RAF1. Both Western blot and immunofluorescent data showed increased phosphorylation level of RAF1 at S259 after AKT activation. Most interestingly, the suppression of the ERK pathway in this study was progressive. Because Rnase10-mediated Pten deletion began at P17, the ERK pathway was already activated in the knockout initial segment. The suppression of MAPK3/1 activities, caused by Pten deletion, gradually extended from region II to region I (Fig. 3) . This observation may imply that other inputs/resources, likely testicular luminal fluid factors, countered such suppression. Fig. 3 shows that the activity levels of MAPK3/1 gradually declined in the control initial segment from proximal to distal. Presumably, such a gradient resulted from the gradual decline in concentration of testicular luminal factors along the epididymal duct. The AKT pathway, activated by loss of Pten, initially suppressed the lower activity levels of MAPK3/1 in region II, but at later times, suppressed the higher activity level in region I. This finding may explain why changes in activities of several signaling molecules and changes in epithelial morphology occurred from region II to region I over time.
Loss of Pten altered cell shape, size, and organization in the initial segment. Cell shape is commonly used as a marker to reflect cell differentiation. Dysregulation of AKT signaling due to PTEN deficiency caused cells to dedifferentiate in several tissues (15, 16) . Initial-segment differentiation is commonly characterized by tall, columnar principal cells (6) and triangular basal cells with long projections (7) . In initial-segment-specific Pten knockout, principal cells were shorter and irregular, and basal cells had shortened projections (Fig. 4) , suggesting dedifferentiation. Cell-size changes have accounted for hypertrophy phenotypes observed in multiple tissue-specific Pten knockout models (17) . Several downstream molecules of the AKT pathwayincluding PRS6KB1, MTOR, EIF4EBP1, and RPS6-were involved in the control of protein synthesis and were shown to be regulators of cell size (17) . In this study, we observed increased activities of MTOR and RPS6 and increased cell size after Pten deletion. These findings provide further evidence that cell size is regulated by PTEN and its downstream components. The most pronounced change in cellular organization in initial-segmentspecific Pten knockouts was extensive epithelial folding. In the male reproductive tract, epithelial folding has only been observed in mouse efferent ducts after constitutive activation of NOTCH1 signaling (18) and has not been observed in other Pten knockout models. During normal tissue morphogenesis, epithelial folding is mediated by cell shape changes driven by apical constriction or, alternatively, by differential positioning of adherens junctions (19) . Whether this process occurs in the initial segment after loss of Pten is unclear, but our data suggest that PTEN is a regulator of epithelial folding.
PTEN regulates cell proliferation in a tissue-dependent manner. Aberration of AKT signaling resulted in hyperproliferation and hyperplasia in most PTEN-deficient tissues, with a few exceptions (15, 17, 20) . PTEN is probably not a major regulator of cell proliferation in the initial segment because loss of Pten did not alter proliferation in younger knockout mice and only resulted in a moderate increase in cell proliferation from 16 wk onward. In tissue-specific Pten knockout animals, loss of Pten led to cancer development in some animals, but not in others (21, 22) . For those tissues in which cancer was not observed, additional molecular events were needed to overturn the regulatory machinery of cell proliferation and survival (15) . Cancer development was not observed in initial segments after loss of Pten despite some being twice the size of controls. It is not clear why the epididymis rarely succumbs to cancer (23) . Here, we demonstrated cross-inhibition between the AKT and ERK pathways in the initial segment. Hypothetically, if the cross-inhibition were dominant in the interaction between the two pathways, it would be difficult for both proproliferative pathways to be activated aberrantly. Further studies are needed to determine whether this hypothesis is one of the reasons that the epididymis rarely develops cancer. Interestingly, cross-activation of the same two pathways was often observed in cancer malignancies in other tissues (14, 24) .
We observed elevated apoptosis after the activation of the AKT pathway by loss of Pten, in contrast to other tissues in which the AKT pathway is normally considered to be an antiapoptotic pathway (15) . Our findings are probably the result of a secondary effect of disorganization of epithelial cells after Pten deletion. In particular, a moderate increase in apoptosis was observed only after knockout epithelial cells underwent substantial changes. Most importantly, although loss of Pten caused substantial changes in the epithelium, tight junction integrity and apical-basal polarity in the knockout initial segment remained. Additionally, in knockouts, protrusion of epithelial cells toward the basement membrane did not affect the integrity of the basement membrane.
Spermatozoa flagellar angulation was phenotypically associated with dysfunction of the initial segment in initial-segment-specific Pten knockouts. A similar phenotype was also observed in two other animal models: Ros1 knockouts (3) and glutathione peroxidase 5 (Gpx5)-TAG2 transgenic mice, the latter of which expressed Simian virus 40 small T-antigen driven by Gpx5 promoter (25) . The histological changes of the initial segment of all three models were similar but not identical. In Ros1 knockouts, the epithelium failed to undergo prepubertal differentiation (3), whereas the epithelium of Gpx5-TAG2 mice was slightly hyperplastic (25) . In the present study, epithelial hypertrophy was observed.
Although the histological appearance of the initial segment was different in each animal model, a defect in differentiation could be a common underlining mechanism of loss-of-function of the initial segment. First, it was clear that Ros1 knockouts lacked a differentiated initial segment (3). Second, lack of expression of several genes specific for the initial segment in Gpx5-TAG2 mice suggested an arrest of initial-segment differentiation (25) . Third, in initial-segment-specific Pten knockouts, high MAPK3/1 activity levels and high ETV4 protein level in the initial segment-which are the markers of initial-segment differentiation (5, 26)-gradually diminished after Pten deletion (Figs. 3 and 4) . Furthermore, epithelial height and the shape of principal and basal cells, which are often used to identify initial-segment differentiation (6), changed after Pten deletion (Figs. 4 and 5 ). These lines of evidence suggested dedifferentiation of the initial segment in initial-segment-specific Pten knockouts. Loss of differentiation of the initial segment would presumably lead to a failure of this epithelium to generate a normal luminal microenvironment necessary for sperm maturation, as shown in the Ros1 knockout (3, 4, 27, 28) .
A common feature of spermatozoa in these three models was an increase in flagellar angulation (4, 25, 27) . In wild types, testicular and initial-segment spermatozoa were straight, but immotile. Caput spermatozoa were motile, but displayed flagellar angulation and moved in a circular nonprogressive motion when challenged with hypotonic medium, which mimics the osmolarity of fluid from the female tract (28) . When normal corpus and cauda spermatozoa encountered the same hypotonic medium, they triggered a regulatory volume decrease to maintain straight flagella (28) . By contrast, knockout spermatozoa from the three models exhibited flagellar angulation after hypotonic challenge and also displayed an increase in flagellar angulation as they progressed along the epididymal duct. The spermatozoa phenotype was more severe in initial-segment-specific Pten knockouts and Gpx5-TAG2 mice because hairpin was the major angulation form in these two models, whereas half-hairpin was the dominant form in Ros1 knockouts.
Despite the similar phenotype in Ros1 and initial-segmentspecific Pten knockouts, Pten deletion did not affect Ros1 mRNA expression. Therefore, PTEN signaling is likely independent of ROS1 signaling. Because both PTEN and ROS1 (29) are upstream regulators of ERK signaling, it is possible that PTEN and ROS1 signaling are independent but converge to regulate ERK signaling, which, in turn, regulates differentiation of the initial segment.
In summary, under normal physiological conditions, PTEN signals through RAF1/ERK to maintain normal function of the initial segment and male fertility.
Materials and Methods
Materials and procedures are described in SI Materials and Methods, including details of mice lines, Western blots, immunofluorescence, real-time PCR, measurement of cell proliferation and apoptosis, mating and assessment of male fertility, and measurement of spermatozoa motility, flagellar angulation, and kinematic parameters.
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Xu et al. 10 .1073/pnas.1413186112 SI Materials and Methods Animals. Mice were handled according to the approved protocols following the guidelines of the Institutional Animal Care and Use Committee of the University of Virginia. Mice carrying loxPflanked Pten allele (Pten flox/flox ) were purchased from The Jackson Laboratory. Tg(Rnase10-Cre) mice were a generous gift from I. Huhtaniemi, Imperial College London, London (1). Mice were bred and genotyped according to the protocols published by The Jackson Laboratory.
We defined epididymal regions according to previous studies (2, 3), which divided the epididymis into 4 major regions or 10 more defined regions: initial segment (I and II), caput (III-VI), corpus (VII and VIII), and cauda (IX and X).
Western Blots. Tissue pieces from initial-segment regions I and II were homogenized in ice-cold radioimmunoprecipitation assay buffer, pH 7.5, with protease and phosphatase inhibitors (Thermo Fisher Scientific). The homogenate was centrifuged (16,000 × g for 10 min) and analyzed by using the Bradford protein assay (Bio-Rad). Proteins were separated in SDS/PAGE gels and then transferred to PVDF membranes. The membranes were blocked in 5% (wt/vol) fat-free dry milk with Tris-buffered saline (TBS), incubated with the primary antibodies followed by 1:4,000 dilution of HRP-linked secondary antibodies (Cell Signaling Technology), and finally reacted with ECL Prime Western Blotting Detection Reagent (GE Healthcare). The following primary antibodies were purchased from Cell Signaling Technology: PTEN antibody (no. 9559; 1:1,000 working dilution), phospho-AKT (proetein kinase B) (S473) antibody (no. 4058; 1:1,000 working dilution), MAPK1 antibody (no. 9108; 1:1,000 working dilution), phospho-MAPK3/1 (T202/Y204) antibody (no. 9101; 1:2,000 working dilution), phospho-GSK3A/B (S21/ S9) antibody (no. 9331; 1:2,000 working dilution), phospho-MTOR (S2448) antibody (no. 5536; 1:1,000 working dilution), phospho-RAF1 (RAF1 proto-oncogene serine/threonine kinase) (S259) antibody (no. 9421; 1:1,000 working dilution), phospho-RAF1 (S338) antibody (no. 9427; 1:1,000 working dilution), and phospho-RPS6 (S6 Ribosomal Protein) (S235/236) antibody (no. 4858; 1:1,000 working dilution). Two antibodies were purchased from Santa Cruz Biotechnology: ETV4 antibody (sc-113; 1:500 working dilution) and AR antibody (H-280) (sc-13062; 1:1,000 working dilution). ACTA2 antibody (1A4) (no. A5228; 1:10,000 working dilution) was purchased from Sigma.
Immunofluorescence. Epididymal tissue samples were immersionfixed in 4% (wt/vol) paraformaldehyde (PFA) in PBS overnight at 4°C and followed by paraffin embedding and sectioning. cKO and control sections were placed on the same slide side by side to ensure similar treatment. Subsequently, slides were deparaffinized and rehydrated. For antigen retrieval, slides were microwaved in antigen unmasking solution (Vector Laboratories) for 10 min on high in a 1,300-W microwave and cooled for 1 h at room temperature. After blocking in blocking solution with 10% (vol/vol) normal goat serum (Vector Laboratories), 0.5% (vol/vol) gelatin from cold-water fish skin (Sigma), and TBS for 1.5 h, slides were incubated overnight at 4°C in blocking solution with primary antibodies. After washing in TBS, slides were incubated with 1:200 dilution of Alexa Fluor 594 secondary antibodies (Molecular Probes) in blocking solution for 1.5 h at room temperature. All slides were washed in TBS and mounted by using the Prolong Anti-fade reagent with DAPI for nuclear staining (Molecular Probes) and viewed under a Zeiss microscope equipped with epifluorescence. The following primary antibodies were purchased from Cell Signaling Technology: phospho-RAF1 (S259) antibody (no. 9421; 1:100 working dilution), phospho-MAPK3/1 (T202/Y204) antibody (no. 9101; 1:200 working dilution), phospho-MAP2K1/2 (S221) antibody (no. 2338; 1:100 working dilution), PTEN antibody (no. 9559; 1:100 working dilution), phospho-AKT (S473) antibody (no. 4058; 1:100 working dilution), phospho-GSK3A/B (S21/S9) antibody (no. 9331; 1:200 working dilution), phospho-MTOR (S2448) antibody (no. 5536; 1:100 working dilution), phospho-RPS6 (S235/S236) antibody (no. 4858; 1:100 working dilution), and cleaved-CASP3 antibody (no. 9661; 1:250 working dilution). Two antibodies were purchased from Millipore: COL4 (collagen, type IV) antibody (no. AB769; 1:200 working dilution) and phospho-Histone H3 antibody (no. 06-570; 1:500 working dilution). Two antibodies were purchased from Santa Cruz Biotechnology: ETV4 antibody (no. sc-113; 1:50 working dilution) and atypical PKC (PKCζ) antibody (C-20) (no. sc-216; 1:200 working dilution). TJP1 antibody was purchased from Invitrogen (no. 61-7300; 2 μg/mL working concentration). KRT5 antibody was purchased from Abcam (ab24647; 1:150 working dilution). CDH2 antibody was purchased from Epitomics (no. 2019-1; 1:100 working dilution). Measurements of cell size, epithelial area, and height were performed by using CDH2-labeled sections. Circular cross-sections of the epididymal duct were selected for measurement. To obtain the average cell size, the area of a hand-drawn region was measured by using ImageJ software (imagej.nih.gov/ij/) and divided by the cell numbers inside that region.
Measurement of Cell Proliferation and Apoptosis. Immuofluorescent experiments were performed to label proliferating and apoptotic cells using cleaved-CASP3 antibody (no. 9661; 1:250 working dilution) and phospho-Histone H3 antibody (no. 06-570; 1:500 working dilution), respectively. Proliferation and apoptosis were measured manually by counting the number of phospho-Histone H3-positive cells or cleaved-CASP3-positive cells per millimeter squared of epithelial area, respectively. Epithelial area was measured by using Image-Pro Plus software (Media Cybernetics).
Mating and Assessment of Male Fertility. Beginning at age 10 wk, cKO male mice and their littermate controls were each housed with two wild-type C57B6 female mice (∼10 wk old), which were purchased from Charles River. For each male, the offspring litter number and litter size (the number of pups in each litter) were recorded until the male reached 1 y old. At the end of the mating experiments, the epididymides from the male mice were examined. Mice that were infertile due to blockage of the epididymis, were excluded from further analyses. At 6 mo old, female mice were replaced by 10-wk-old females. The retired female mice, which did not give birth or gave birth to a few litters, were then mated with wild-type male mice to check their fertility. The presence of a postcopulatory vaginal plug was examined in the early morning over a course of 40 d.
Measurement of Spermatozoa Motility, Flagellar Angulation, and Kinematic Parameters. To examine spermatozoa flagellar angulation in situ, dissected epididymides were immersion-fixed in 4% (wt/vol) PFA in PBS overnight at 4°C. Fixed tissue was coarsely minced, and spermatozoa were dispersed in PBS medium and viewed under a phase contrast microscope. Tail forms were categorized as straight, hairpin (flagella angled at 180°at the localization of the cytoplasmic droplet; Movie S2), or half-hairpin Fig. S1 . A low-magnification image illustrating initial-segment regions I and II and caput region III. A control P28 proximal epididymis was sectioned along the epididymal axis. The dotted lines outline the septa (arrows), which delineate the borders between regions. The rectangular frames are shown to demonstrate that some images were purposely taken across two regions to show differences between regions. ED, efferent ducts. . mRNA levels of Ros1, Etv4, and Ar in the initial segments of 6-mo-old cKOs and controls. Data are represented as mean ± SEM. **P < 0.01. Table S1 . Progressive loss of male fertility in cKO mice Litter no. indicates the average number of litters produced by each male in each group. Litter size indicates the average pup number for each litter in each group. *P < 0.05; **P < 0.01.
